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ABSTRACT 


Of the many potential applications of metallic 
glasses, one relatively small scale but important applicat- 
ion is as brazing foils. The application becomes attractive 
for nickel base alloys used for brazing stainless steels 
because while these alloys are brittle in the crystalline 
state and can be used only in powder form, the rapidly soli- 
dified ; foils of the same compositions are ductile and can 
be punched to desired shapes, thus leading to the possibility 
of using preforms, more accurate metering and absence of bin- 
ders. 

In the present work the brazing oharacterstics 
of some nickel hased metallic glass brazing foils have been 
studied. The wide ductile metallic glass ribbons required for 
the brazing process to serve as brazing foils were prepared 
after establishing the preparation conditions for such foils 
using aluminium. A standard brazing composition BSTi-4 as well 
as it's two variations with different iron contents were used 
for the investigations. Two halves of the tensile test specim- 
ens of 304 stainless steel were brazed using these foils. 
Brazing conditions for maximum joint strength were., established. 
The tensile strength, ductility, micro structure and microhardn- 
ess across the joint were studied. The tensile strength of the 
joints increase with the increasing iron content. The strength 


i 



is comparable to that obtained by other investigators with 
similar foils as well as with common silver brazing alloy* 
The ductility increases with increasing iron content. The 
width of the brazed zone also increases as iron content 
increases. Peaks in microhardness across the brazed zone 
are obtained which could be due to composition variation. 
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CHAPTER I 
IETRODUCTIOE 

I * 1 THE JfflSTALLIC C LASS ES 

Tiie term metallic glass refers to amorphous metallic 
alloys which are obtained by rapid cooling of the melt. The coo- 
ling rates required for the formation of metallic glasses are of 
the order of lO^dg.s Although several techniques are capable 
of producing amorphous alloy s^"*^ , the melt spinning technique 
developed in 1908^-^ after certain modifications^^ has been 
found to be the most suitable one for the continuous production 
of amorphous alloy ribbons or the metallic glass ribbons. The 
rapid quenching of the melt of the corresponding alloy through 
the temperatures at which the normal solidification occurs resu- 
lts in the retainment of a liquid like structure in the solid, 
instead of solidification by normal crystallization. The metallic 
melts have non-direetional ^bcn&inp - and the atomic rearrangement 
process is very rapid even when the degree of under- cooling is 
far bellow that of their equilibrium freezing temperatures. App- 
reciable amount of atomic diffusion is prevented in the rapid 
cooling process and the nucleation and subsequent growth of the 
equilibrium structures are inhibited. The increased atomic mobi- 
lity in the liquids as compared to that in solids, require the 
imposition of much higher cooling rates to bypass crystallization 
as compared to those required to avoid solid gtate transformations. 





TIig required cooling rate ( > 10^ ) to obtain metallic glass 
phase ^ was first achieved by Element, Willens and Dewez in 1960^®^ 
when they developed the splat cooling technique which involved 
the continuous cooling from the melt . 

Development from the laboratory to real life applica- 
tions of rapidly quenched alloys can bo attributed to thc-ir attr- 
active engineering charecterstics such as soft magnetic properti- 
es^] , high mechanical strength and extremely high corrosion 
resistance, which are superior to those of their crystalline coun- 
terparts. High magnetostriction and low acoustic losses enables 
them to be used in transducers, load cells, length measuring dev- 
ices etc. Soft magnetic property and low core losses are the 
appropriate properties for their application in transformers, 
electric motors, choke coils etc* and high permeability makes 
them a suitable choice for use in magnetic recording heads and 
magnetic shoilding. Also the various potential applications of 
those metallic glasses are for tire cords and composite materi- 
als, raterials coated with amorphous alloys for corrosion resis- 
tance, powder or their compacted products for catalysts, gas 
absorbers and ion adhesion materials, electrodes for fuel cells 
etc. in the near future. Recently metallic glass foils are fin- 
ding increased applications in the production of high strength 
metal joints by brazing ,anr' are fast replacing the conventional 
brazing filler foils or brittle powders held in organic bounde— 


5 


1 * 2 BRAZING- AMD B RAZ IH& FILLER META LS F OR STATELESS J3TEEL 

Brazing includes a group of processes which produce 
bonding of materials by heating them to a suitable temperature 
using a filler material having a liquidus above 426. 6°0 (800°F) 
and below the solidus of the material being joined. Brazing 
fuses the base metals by .creating a metallurgical bond at the 
molecular level between the filler metal and the surfaces of 
the base metal being joined. The process involves wetting of the 
surfaces being joined by the molten filler material and the 
subsequent filling of the joint spaces by capillary penentration 
due to surface tension forces. 

Filler metals should be judged for their ability to 
resist corrosion and oxidation, their remelt temperature, and 
their flowability and whether they diffuse readily or not etc. 
Compositions of fillers become important when the brazement is 
to be subjected to chemically corrosive Or high temperature ser- 
vice conditions. It must resist chemical corrosion and must not 
remelt at the service temperature of the brazement. If the 
brazement is to be subjected to high temperature service condi- 
tions, it must have sufficient strength to prevent creep and to 
with-stand thermally and mechanically induced stresses and plas- 
tic deformation at the service temperatures. The degree of diff- 
usibility must be matched to the application. A highly diffusible 
brazing alloy may seriously erode the base metal ajecent to the 



joint and would thus prove unusable for use in an assembly 
employing thin sections (eg, honey comb structures). .In an- 
other application, the same diffusing type of filler mater- 
ial may be desirable to attain a high enough remelt temper- 
ature. 

Silver based brazing alloys (Ag - Cu eutectic all- 
oys modified by addition of znic, cadmium, tin, mangneso, nic- 
kel etc.,) are the prime filler materials for stainless steel 
brazing, Copper based fillers (with znic and nickel) are also 
in use. High temperature stool brazing alloys "ro palladium 
boaring (Pd - Hi, Pd - Ag, Pd — Cu) and gold b^sed (with copper, 
nickel, palladium) alloys. (Soo appendix) Hick el based series 
of fillers covering a wide range of compositions have been dove- 
loped in general for heat and corrosion resistance, in certain 
of the most stringent service applications for brazing stainless 
steel. Table I presents a list of the nickel based fillers in 
use for brazing stainless s'teel^^*}. Carbon and low alloy steels 
are also sometimes joined with these alloys where for example 
better corrosion resistance is required compared to those using 
copper based fillers, but they find their widest application in 
the brazing of stainless steel assemblies. Some of these fillers 
retain good strength upto nearly 1000°C or are also satisfactory 
at cryogenic temperatures. 

Good high temperature resistance makes nickel a good 
starting point in ixhe development of filler metals for high tempe 
rature service. Proper addition of other elements produce filler 
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NICKEL BASED COMPOSITIONS FOR STAINLESS STEEL BRAZING 
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metals having excellent strength and oxidation resistance as 
well as high, temperature corrosion resistance. It has "been 
found that FL — Ee alloys appear to have bettor corrosion re- 
sistance than nickel alloys^"^ • When used as brazing fillers 
in ammonia water and also display required capillarity, fill- 
eting and wetting. Silicon and boron arc usually added as me- 
lting point depressors. These have virtually no solubility in 
solid nickel and thus the silicidos and borides which are pr- 
esent in significant volume fractions, make polycrystallino 
solid extremely brittle and difficult to fabricate into thin 
shapes conducive to brazing. On the other hand, the use of 
powder fillers along with organic binders pose their own diff- 
iculty of causing shrinkage of the joint when the baking off 
of the binders is done and it also leaves behind contaminating 
residues. Also since powder fillers in the paste form if used, 
are applied to the joint edge and capillary action draws the 
filler material to cover the mating surfaces, hence they are 
not suitable for brazing wide and deep joints. Joint spacers 
to provide uniform gap between the mating surfaces also have to 
be used while using powder fillers. 

1 . 3 META LLIC ffiASS BELAZ! Ml FOILS 

Recently it has been found that several nickel based 
brazing filler compositions which are brittle and can be used on- 
ly as powders fjiion made by the conventional methods, can be rapi- 
dly quenched from the liquid state to produce ductile foils and 



tills simplifies many aspects of brazing operation^-^ . They also 
offer technological advantages as melt quenching technique is a 
simplified production process with high productivity. Such met- 
allic glass ribbons can be bent to match with complex joint ge- 
ometries. They can also be punched to the exact joint shapes* 
They can be produced in thicknesses corresponding to maximum 
joint strength and metering of these ductile foils is also more 
easy than their powder counterparts. These metallic glass foils 
are 100 pet, dense and binders of any sort are not required as 
is the case in using powder fillers. The advantage of the duc- 
tility of these foils which is due to it's amorphous nature is 
used in placing it at the joint and the fact that they become 
crystalline during the heating cycle of the brazing operation 
is of no detriment. 

The conventional high temperature gold based filler 
are currently being replaced by the nickel based ductile ’.brazing 
foils and this is primarily because of economic reasons 1 - . 
Also like the gold based fillers, these nickel based fells have 
been found to have excellent flow behaviour, compatibility with 
most stainless steels and offer an outstanding combination of 
high temperature strength, fatigue properties and oxidation res- 
istance, The ductilities are also comparable and the base metal 
pitting is also less severe as compared to the brazements using 
gold based fillers. Above studios havo been done with BNi - 1> 
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BKi. —2, BEi —3 and BEi —6 brazing foils to compare their prope- 
rties with those of the conventional noble metal based filler 
alloys. The use of nickel based foils (BEi -1,.) in brazing jet 
engine parts results in cost reduction and improved strength^ 
A 60 pet. increase in strength, sulphur oxidation resistance an 
better production economicSjas compared to the formerly used 
bracing alloys is obtained. The nickel based fillers for brazin 
have also boon tested and have boen found to cut cost and conta 
mination in f obcTTndustry^^ . It reduces »crap loses and fille 
metal cost by switching from silver to nickel based brazing fil 
lers in brazing carbonated beverage can filling equipments and 
also meets the PDA regulations banning cadmium (used in silver 
based alloys as melting point depressors). 

1.4 P RES B UT WORE 

The rapidly increasing use of the nickel based amor 
phous foils as brazing filler materials In. various industrial 
applications has motivated us into preparation and determinatio 
of the suitability of the metallic glass brazing foils. A stan-4 
dard composition BEi — 4* (See Table I) was chosen and its iron 
content was varied and the effect on the resulting brazements 
was studied. Por thin we required amorphous foils wide enough ! 
to cover the mating surfaces to be joined. In the subsequent 
chapters first the p? eparation of the wide metallic glass ribbj 

•. . «• i#v * ? fj. ‘ - r "’-I •*. * ... * •'* j v -v. ■ >■ ; ' ’■ * ", r 

is described followed by their application in • the brazing of 
commercial stainless steel. 
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CHAPTER II 

PREPARATION OP WIDE METALLIC GLASS RIBBONS 
I I . 1 INTRODUC TION 

The various effects of rapid solidification of 
alloys from the corresponding melt namely,’ structural, mor- 
phological and constitutional are now pretty well establis- 
[ 19 — 21 ] 

hed J . These cause refinement of micro structure, enha- 

nced super saturation of vaccancies and of solute elements 
and complete or partial avoidance of crystallization, thus 
forming metallic glass. High cooling rates, (">10 s ) are 

generally required for metallic glass formation and these 
cooling rates can he achieved in thin melt sections which 

r 22i 

are in good thermal' contact with an effective heat sink L j. 
Thus most rapid quenching techniques are based on the fund- 
amental requirement of bringing the melt into contact with 
a cold and highly conducting substrate at high relative *• 
velocity to promote melt spreading and thereby forming 
thin sections and intimate thermal contact. For the begining 
of crystallization, an undercooling of the liquid bellow the 
equilibrium crystallization temperature is necessary due to 
the exsistencc of an energy barrier to the formation of nu- 
clei^ 22 ~ 2 -^, But if the liquid is cooled rapidly by removing 
the heat to a sink as described above, the undercooling is 
enhanced and thus the temperature range over which the process 



of crystallization occurs is greatly reduced. This leads to 
structural modifications and refinement of micro structure 
and eventually at sufficiently high cooling rates, complete 
suppression of crystallization because of insufficient time 
for sufficient growth (micro crystalline ) or in the extreme 
case for nucleation (amorphous). The atomic configuration 
of metallic glasses have been found by the analysis of diff- 
raction data, to bear a close resemblance to the static eq- 
uilibrium liquid structure near its freezing temperature, but 
the glass atoms vibrate about positions which are more cond- 
ensed. The local structure in metallic glasses is that of the 
derivative inter-metallic crystalline phase with the structu- 
ral units essentially disordered which is similar to the 
network in glass. 

II . 2 CH I LL BLOCK ME LT SPI MVIIffi 

In the recent years a continuous melt spinning 
technique, namely chill block melt spinning (CBMS) has been 
evolved to produce metallic glass ribbons. It is derived from 
the origional patented techniqoie of Pond^-'^ and involves the 
impingement of a molten metal jet onto a moving cold substrat 
Purthur it also meets the requirement of the formation of 
filaments, sufficiently thin so that the cooling rate exceeds 
the critical cooling rate for glass formation and also the 
contact between the filament and the substrate (heat sink) 





is of sufficient duration to lower the temperature well "below 
tho nose of the C-C-T curve (Figure II. 1). 

In this process a melt puddle is formed at the 
foot of the impinging jot of the molten metal on the subs- 
trate, and this puddle spreads and governs the dimensions of 
the resultant ribbon in accordance to the law of mass balen— 

r 271 

ce L J . The width of the puddle determines the ribbon width 
and the thickness of tho ribbon is dictated by the length of 
the melt puddle. Several empirical relations between Q, the 
melt flow rate ; Vs, surface velocity of the substrate; 3?, 
ejection pressure and the ribbon dimensions (width, w and 
thickness, t) have been reported 1 J . Many experimentally 

observed data have also been reported to fit empirical rela- 
tions like 

t a Q a , TT B , 0 m 

whore © is tho contact time and A,B and m are 

r til 

geometric coiff icients, Table II - J presents these empi- 
rical relationships. 

To derive those functional relationships initia- 
lly the total mass balence equation must bo considered. 

Q = t.w.Ys 

Then wo must assume that tho ribbon width equals the puddle 
width and tho ribbon thickness is related to tho puddle len- 
gth as 

t a (y s ) 



Temperature 


14 


jiu.- »»- v w 



Log (tlm« ) 


Pig* II. 1 Schematic shoTri.ng the minimum cooling - 

rate required for glass formation in 
relation to the C-C-T curve of a glass 
forming alloy 



Table II 


EMPIRICAL RELATIONSHIPS BETWEEN t,Q,Vs,Q 


MATERIAL 

~ j STRUCTURE j 

A 

! 

! 

B 

■ B ’ e 40 Ni 40 B 20 

amorph. 

0.35 


0.9 

Pb Sn eutectic 

cryst. 

0.19 


0.81 

A1 (Ee,Mn) 

cryst. 

0.25 


0.75 

Waspalloy 

cryst. 

- 


0.73 

A1 ~ Si 10.5 

cryst. 

- 

• 

0.76 

Cu Zn solder 

cryst. 

- 


0.67 

Eo P C 
°80 13 7 

amorph. 

- 


0.75 

Pe 40 Nl 40 P 14 B 6 

amorph. 

0*17 


0.83 

P e 40 B:L 40 B 14 B 6 

amorph. 

- 


— 

Pe 81.5 B 14.5 S:L 4 

amorph. 

- 



Fe 80 P 13 G 7 

amorph. 

— 


0.95 

(Reference 31) 


And lastly, the assumption that the puddle spreads as a circle 
or ellipse and expands in proportion to the dimensions of it's 
axis. 


or, rr = constant 


One can show that on the basis of these three basic assumpti- 
ons, the results equivalent to those derived on the basis of 


several proposed models ^cln be obtained. They are 


Q- 


t a — 
Vs 


n 

2n 


w a -S, 
Vs 


1-n 


1— 2n 


where, n = 

Similar results (consistent with the empirical 
relations) as obtained employing just the basic assumptions 
are also obtained using the various theoritical models put 
forth to explain the ribbon formation mechanism, the thermal 
transport controlling mechanism and the momentum transport 
controlling mechanism , 

The ribbon width is found to be strongly dependent 

on the melt flow rate, Q and the thickness, on the substrate 

surface velocity, Vs^ 5 ^. The pressure dependence of the ribb- 

[34] 

on thickness was found experimentally and Figure 11,2 and 
Figure II. ^ ^ show the results obtained by two workers. 
According to Huang^^ , the thickness increases initially with 
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Fig. II. 2 


Ribbon thickness vs. square- root of l^e 
ejection pressure measured at three di- 
f f or ent slois (Rex* 54/ 
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Fig. II. 3 


Variation of ribbon thickness -with fescr 
• speed, melt ejection pressure and cruc- 
iblo orifice diameter for glassy £ ^ctHo^O 
alloy (Ref. 35) 



the increase in pressure and. at higher pressures (above $ % 

2 x 10^ Pa), saturates to a fixed value of t „ .On the 
other hand, according to Graham and Liebermann^*^ the thic- 
kness is governed by Vs but the effect of pressure is also 
not negligible (for pressures above 2 x 10^ Pa). Increasing 
P at constant Vs increases t. The .width, w was found to be 
varing with the crucible orifice diameter 0 . The process va- 
riables, pressure,? and substrate surface velocity. Vs also 
influence the ribbon surface finish^^. Wetting patterns at 
high pressure cast ribbons have small air pockets, irregular 
in shape and uniform in distribution^ replicating the geometry 
of the wheel surface. As the prosstire is reduced, larger air 
pockets develop throtigh elongation in casting direction. 

The CBMS technique involves the melting of the 
alloy in a crucible and ejection of the molten alloy through 
a small orifice by appling gas pressure. The ejected jet of 
the molten metal then impinges on the surface of a rapidly 
rotating wheel and a continuous ribbon is formed by quenching 
and the ribbon is finally' detached from the wheel by centri- 
fugal forces. This produces the required cooling rate for me- 
tallic glass formation (above 10^ fl E s ^) for most alloys and 
a continuous production of amorphous ribbons at a rate of* 

20 - 50 m s - " 1 is achieved. 
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II. 3 PLAMR J110W..C ASl’IITG 

Process development for the fabrication of metallic 
glass ribbons wider than the typical few millimeters as obtain- 
ed by the CBMS technique requires an elongated molten alloy 
reservoir which is transversely maintained above the moving 

substrate surface, to obtain a planar flow of the molten . _ 

T 36 37l 

alloy 1 - * _ . One method used to melt spin wider ribbons invo- 

lves the use of an array of round jets streaming from the melt 
ejection crucible and impinging in a transverse line across 
the moving substrate, thereby forming a broad molt puddle from 
which wide ribbon is cast. An alternative approch is to use 
a crucible with a slit shaped orifice in order to impinge a 
planar molten alloy jot onto the moving substrate surface for 
making wide ribbons^®-®. However, stream geometry destabiliz- 
ation caused by high surface tension and low viscosity of the 
molten alloys pose difficulties in the uso of planar melt jot. 
To overcome this difficulty, the nozzle which feeds the molten 
alloy is held very close to the moving substrate surface thus 
substantially reducing the purturbation of the melt on the 
substrate by the gas boundary layer, substrate surface rough- 
ness etc. This is because the melt is mechanically constrained 
by the crucible nozzle walls as shown in Figure 11*4^^ • 
this process the nozzle substrate geometry can be extended 
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indefinitely thereby allowing the production of wide ribbons. 
Emporical relations for the planar flow casting process for 
fabrication of wide ribbons have been put forth^-^*^] and are 
similar to those for the GEMS process. 

II. 4 EXP ERI MEET AL 

II . 4 . 1 PREP ARATION OE 3LI 1 ORIFIOE _NOZZLE 

The crucibles and the nozzles used f r r molting and 
spinning were made of clear fused silica tubes. For this purp- 
ose 10 mm internal diameter tubings were used* The tubes were 
cut to approx. 20 cm length, closed at one end and the closed 
end was blown in cavities carved out in graphite poices so as 
to get rectangular shape at the end of gradually tapered nozz- 
le as shown in Figure 11.5(a) to Figure 11.5(d). The objective 
sought to be achieved by this technique was to get reproduci- 
ble contours of the nozzle section. However it was found that 
this contour also depended on the temperature to which the 
silica tube was preheated before blowing and the workmanship 
of the glass blower during the blowing process. However,,, the 
nozzle profiles were more reproducible than could be achieved 
by just pressing the softened end of the tube. The nozzles 
thus shaped were then carefully ground so as to get a. flat 
lower end and a slit on the ground surface was cut by a 
Microslice —2 precision saw. The tube was held on a sliding 
fixture, pressing the closed end against the saw bladc(78 mm 
diameter). Different slit sizes were obtained by varing the 
depth of the cut. 
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Pig. 11.5(a) Schematic def ining^the nozzle angte^ft* 
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Pig. 11.5(b) Sectional veiw of the nozzle profile of 

nozzle I ( Q = 29° ) 




27 


II. 4c 2 MATER IAL 

To study the effect of process parameters on the 
ribbon dimensions, commercial alumunium was used. Alumunium 
rod of 8.5 mm diameter was cut into approx. 10 mm long peices, 
were premelted to yield pellets which were then used for ma- 
king wide ribbons. 

1 1 . 4 . 3 WID E RIBBON CASTING- SET-UP 

Melt spinning apparatus used (Eigure II. 6) has been 
described in detail by Chakachery^"^ . It consists of a 23 cm 
diameter copper disc mounted on a 0.5 hp* DC motor whose sp- 
eed can be varied from 0 - 3000 RPM. The alloy peiceswere pla- 
ced in the nozzles andwe^e heated by an induction coil powered 
by a 3 KW, 450 KHz rf generator. The diameter of the rf load 
coil was 16 mm at the upper end and gradually tapered down to 
11 mm diameter at the lower end, consisting of total 6 turns. 
The total hieght of the coil was 19 mm. The slit orifice sili- 
ca nozzles used for making wide ribbons were prepared as disc- 
ussed in Section II. 4.1. Snub nosed closed end tubes were used 
as crucibles for premelting the alloys. The premelting and the 
spinning operations were both done after evacuating and flus- 
hing the system thrice in succession with purified I0LAR II 
argon gas and a very feeble gas pressure was maintained during 
the operations. The full gas pressure was applied when the 
alloy had just melted completely (judged by visual inspection) 






for molt ejection. Jin air stopper, to reduce the molt puddle 
perturbation on the substrate was fixed just behind the nozz- 
le, close to the copper wheel. It was made from a perspex pe- 
ice and the lower end was lined with ■velvet cloth. The nozzle 
was hold so that it’s tip was 1 mn above the substrate. 

This distance could not be reduced furthur due -fo the geometry 
of the apparatus. After each run, the nozzle was cleaned end 
the same nozzle was repeatedly used for a series of experime- 
nts. During runs, all other parameters such as the distance 
between the induction coil and the substrate, axis of the 
nozzle with respect to the vertical direction etc. were kept 
constant , 


1 1 . 5 RESULTS AMD DISC US SI PIT 


The variation of the ribbon thickness with the 
variation of ejection pressure (YP) is presented in Figure II. 7. 
The thickness remains almost constant with the increase in 
pressure. This is in accordance to the experimental results 
obtained by Huang. It was observed by Huang^^ (Figure 11*2) 
that the ribbon thickness, t is proportional to the square root 
of pressure, VP ,at pressures lower than 2 x 10^ Pa and then it 
s saturates to a constant value, t when pressure is furthur 

ELcix# 

raised. Ho derived that 


t = [ ~?£ 2 


__ J p-jl/2 

4pfh+w+epw * J 
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Pig. II. 7 Ribbon thickness vs, square- root of 

eiection nroseure 
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where w is the nozzle slot bread th,J^ is the liquid metal 
density, h is the hieght of the slot from the substrate and 
P, f and e are geometric coifficients. His experimental re- 
sults on pressure dependence agreed with the above relation 
at low pressure regimes (below 2 x 10^ Pa) but not at high 
values of pressures. The precise reason for this behaviour 
could not be given but was thought to be perhaps due to the 
forced flow of the melt in the wheel and nozzle gap at high 
applied pressures. The dependence of the thickness on the 
other parameters in the equation was not observed to be as 
expected from the equation above. In our case . the pressures 
used by us were all higher than 2 x 10 4 Pa and the observed 

r 34-1 

results agree with the results reported by Huang L J and 

not as obtained by Liebermann and Graham^ ^ . Also the wheel 

w i-dtH 

speed, Vs did not seem to have it’s effect on the tJldZclQHr©-®© 
of the cast ribbon during our investigations as shown in 
Figure II. 8. 


The plot of the variation of the ribbon width, w 
with the variation in ejection pressure is given in Figure II. 9* 
The ribbon width is found to be proportional to the square root 
of ejection pressure, VP. According to the Bernouilli's oquat— 

ionM, 



V‘ 


o 


2f(~)V 2 
Hr o 


1 v 2 
$ o 


(whore V Q is the velocity of the melt flowing out of the 
nozzle slot) 



Ribbon width ,W (mm } 
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Square root of the ejection pressure is proportional to the 
melt flow velocity from the slot, V , which itself is propo- 
rtional to the melt flow rate Q. Thus the square root of 
ejection pressure is proportional to the melt flow rate and 
as the melt flow rate governs the rihbon width, w, 

w a fP 

and our experimental results are found to agree with the above 
proportionality which we have derived. 

The wetting pattern of the wheel side surface of 
the two ribbons cast under different ejection pressures are 
shown in Figure II. 10 and Figure II. 11 using the same nozzle 
and keeping other- parameters unchanged. At low pressures, we 
observe that the air pockets are small irregular shaped and 
are distributed uniformly while at high pressure, larger air 
pockets are obtained. There was also found to be a variation 
in the wheel side surface of the ribbon from the centre towa- 
rds the edges as shown in Figure 11.12 and Figure 11.13. This 
may arise due to a variation in the effective pressure along 
the width of the jet at the time of contact with the substrate. 

The ribbon width, w has been found to bo proportio- 
nal to the nozzle angle, 6 for various nozzles I, II and III 
having different slot dimensions (Figure 11.5(b) to Figure 
11.5(d)) as shown in Figure 11.14. Inspite of the difference 
in the slot dimensions, the ribbon width increases as we 
increase the nozzle angle, probably due to more melt spreading 
on the substrate. 
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Fig. II. 10 


SEM photograph of the wetting _ pattern on 
the *theel.-side surface of a ribbon cast 

at P = 19.6 x 10 4 Pa (j_so x) 



Fig. II. 11 


SEM photograph of the wetting pattern on 
the wheel side surface of a ribbon cast 


at P 


= 58,8 x 10 4 Pa fcsox) 
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Fig. 11,12 SEM photograph of the wheel side surface of 

the central region of a ribbon cast at 

P = 39.2 x 10 4 Pa (io ox) 



SEM photograph of the wheel side- surface of 
the edge region of a ribbon cast at i 

p = 39.2 x 10 4 Pa (\ooy) | 


Fig. 11*13 



CHAPTER III 

BRAZIMJ OP 304 STAIRLESS STEEL 
¥ITH Hi-BASB METALLIC GLASS POILS 
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II 1 . 1 MTR^UCTIJBT 

The high temperature brazing process in the fabri- 
cation of structures utilizing metals has been the subject of 
continuing investigation ^2"’"'^-' « Many alloys have been invest- 
igated for their capibality as brazing fillers to braze stain- 
[45-47] 

less steel. The choice of the most suitable brazing alloy is 
usually a hit and trial process worked along a direction guid- 
ed by published information. This is because there are a number 
of factors involved in the making and working of joints, which 
influence the results obtained. A number of applications pose 
their own specific requirements and specialised brazing alloys 
have to be developed for these uses. There are several consid- 
erations to be taken care of when choosing the correct filler 
for a perticular joining application as described in Chapter I. 
The nickel based series of fillers for stainless steel brazing 
covering a wide range of compositions have been developed for 
brazing stainless steel and have been listed in Table I. 


Generally brazing is considered unsuitable as a 

joining process for joining stainless steel equipments/parts 

r p5l 

exposed to amm onia atmospheres due to agression , but as 
nickel based alloy with iron was found to be usable with boron 
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and silicon as melting point depressors:* We chose a nickel 
based standard brazing alloy BM-4 (which contains iron, boron 
and silicon) and also obtained two variations of it^by varing 
the iron content and studied the brazing process by using amor- 
phous brazing foils of these alloys to braze stainless steel 
specimens and tried to evaluate the properties of the thus 
obtained brazed joints. 

Ill, 2 E X P ERI MEET AX 

1 1 1 . 2 . 1 TE ST SP ECIMENS 

Aust.enitic steel of 18/8 type[(l8 pet. Cr, 8 pct.Ei 02 
£304 stainless steel)]was selected as the base metal. Stainless 
steel rods of 6 mm diameter were purchased from the local market 
and test specimens were machined as shown in Figure III, 1(a). 

Two of these specimens were used for brazing end to end, yield- 
ing £ brazed specimen as shown in Figure III. 1(b). Test specim- 
ens as shown in Figure 111.1(b) were also machined to test them 
for their strength and ductility for comparision with those 
of the brazed specimens. The surfaces to be joined were macnined 
to a fine finish instead of being ground a$ it embeds the abra- 
sive particles inside the surface of the sample and makes adhe- 
sion between the braze and the substrate weak. The samples 
were then cleaned by degreasing in acetone and rinsing with 
alcohol. 
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, Fig.III.l(a) 
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Brazing test specimen 
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?ig. III. 1(b) Brazed specimen 
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I II . 2 . 2 BR AZING FOILS 

111.2.2(a) ALLOY PREPARAT ION 

The alloys used for the preparation of brazing fo- 
ils were prepared in an electric arc furnace which was locally 
assembled. A standard nickel based ejlloy BFi— 4 (See Table I) 
having 1.5 wt.pct. iron and two variation of it, obtained by 
varing the iron percentage to 5 pet. and 10 pet. respectively, 
were prepared and subsequently foils of these three alloys we- 
re prepared and were used for brazing. Table III .1 chow# the 
compositions of these alloys based on the ammount of the vari- 
ous components used. The charge was placed in a copper crucib- 
le and an arc was stuck using a tungsten electrode after prev- 
iously evacuating and flushing the system with argon for at 
least three successive cycles. The alloy preparation by strik- 
ing the are was done under argon atmosphere. 

111.2.2(b) FOIL PREP ARATION 

As discussed in the last chapter, it was possible 
to prepare aluminium ribbons upto 8.5 mm wide. Attempts were 
therefore also made to prepare wide ribbons from the nickel 
based brazing alloys. However, although it was possible to ob- 
tain tRgfaab &&&& wide ribbons from these alloys, it was found 
that the ribbons had many holes. This could be the result of 
the break up of the melt puddle due to insufficient wetting 
of the substrate or the break up of the jet itself. The distance 
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between the nozzle tip and. the substrate in planar flow casti- 
ng is usually of the order of 0,3 mm. However, in our set up 
this distence could not be reduced below 1 mm due to excessive 
vibration of the wheel at the casting speeds. An experimental 
programme involving adjustment of parameters such as nozzle 
tip to substrate distance, substrate material, melt superheat 
etc. could not be carried out due to scarcity of time and 
also because although the foils had holes _j^hey were otherwise 
quite suitable for the interded application i.e. brazing. 

Brazing foils of the three alloys I, II and III 
(Table III.l) were prepared as described in Chapter II. 

Table III.l 

CHEMICAL COMPOSITIONS OP VARIOUS 
' BRAZING FILLER ALLOYS 

"iDEST ^N^ r ^ " '"fELE MB'MTS '" w't7~ pc tT ) ~ 
Braizing alloy - ”! AWS~ } Hi J Fe f B *, Si 

I BNi-4 Bal. 1.5 3.5 4.0 

II - Bal. 5.0 3.5 4.0 

III - Bal. 10.0, 3.5 4.0 

The foils were found to be amorphous by X-Ray diffraction tech- 
nique. The broad peak, charecterstic of tfce amorphous nature 
was obtained. Figure III. 2 to Figure III. 4 show the X-Ray 
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I'ig«III*2 X-Ray diffraction pattern for amorphous 

nickel based brazing foil (sharp peak is 
from the A1 holder) 






Fig. III. 3 


y * fH*F f iTciG'tion " pB.’t’bBX'n foi* Bjnoppiioiis 

SSSl'taSdtaSril* foil (using perspex: 
holder) 
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diffraction patterns obtained. The fracture surface of the amo- 
rphous foils showing the typical vein structure was obtained 
as shown in Figure III. 5. As a matter of interest, the fracture 
surface of a ribbon cast from alloy II at 18.25 m s^ClSOO rpm) 
is also shcwhin Figure III. 6. This ribbon was found to have 
crystalline peaks. The fracture surface is distinctly difference 
and does not have the vein pattern characteristic of the fully 
amorphous alloys. The foils used for brazing were 45 pm to 
50 pm in thickness and 4 to 5 mm wide. They were used as discs 
of diameter slightly more than 3 mm (The ductile foils could be 
cut into disc shape and were preplaced in the joint prior to 
heating). Degreasing of the brazing discs was carried by immer- 
sion in acetone and thorough rinsing finally in methanol. 

II I . 2 . 3 BRAZING SET-UP 

The brazing operation was performed on a conventio- 
nal vacuum coating unit. The * 'Hind Hi vac* 1 12A4 vacuum coating 
unit was used. For performing the brazing of the stainless ste- 
el test speciments, modifications were made on the fixture us- 
ually used for carbon c o at ing ? using carbon rods. The specimens 
were screwed in two holders and the two holders were then the- 
mselves screwed in the sleeves meant to hold the carbon rods. 
The test specimens were then held face to face under compressi- 
on by using a spring. The brazing foil was kept in between the 
two faces to finally obtain a butt brazed joint. The schematic 



Pig. Ill, 5 SEM ..photograph of the fracture surface 

of nickel based amorphous ribbon (Alloy II, 

P = 58.8 x 10 4 Pa, Vs = 30.09 ms" 1 *) (xoooxj 



Pig. II I, 6 SEM photograph of the fracture surface of 

nickel based ribbon, not fully amorphous* 

(Alloy II, P = 58.8 x 10 4 Pa, Vs = 18.25ms ) 

, 2 ^ . . .. ' . » ‘ ' 
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diagram of the set-up is shown in Figure III. 7. The two test 
specimens were alligned to the best possible extent. Careful 
allignment of the two halves of the specimens is necessary 
because any misallignment would result in an apparent lowering 
of the observed strength of the joints during subsequent ten- 
sile testing as bending stresses would set up during the ten- 
sile test®^, Considerable effort was spent to ensure that 
the misallignment was as small as possible. 

The brazing process was conducted under vacuum. 

The vacuum unit consisted of a mechanical pump and a diffusion 
pump. A vacuum level of 2 x 10“^ torr (267 x 10“'’ Pa) was mai- 
ntained during the operation in the bell jar in which the 
entire assembly was mounted. Resistance heating method was used 

to heat the joint area. Current was passed through the speed- 
ing high 

mens from a voltage hes *■ current power supply. The high 

resistance at the brazing foil-work peice contact caused heat- 
ing to be maximum at the joint. The brazing temperatures by 
convention should be above the melting point of the filler 
alloy and below that of the base metal. Hence temperatures, 
1180°C and above, but lower that the melting point of stainless 
steel were chosen for the various brazing operations. The 
temperatures were monitored by optical pyrometer. Also differ- 
ent brazing times were tried out at the various settings of 
temperature. The required temperature? could be reached within 
30 Sec. 



4y 




Schematic showing the set-up used for the 
brazing operation 


Fig.HI. 7 
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A set of test specimens were also brazed using 
silver metal as a filler. The specimens were held in V— blocks 
and were torch brazed and were tested for strength and ducti- 
lity by tensile testing them on Instron 1195 and the experim- 
ental results are presented later. 

11 1 . 2 . 4 DETERMIMTION OF BRAZ ING CONDITIO NS 

Several brazing temperature settings and brazing 
times were tried out to determine the best brazing conditions, 
i.e. resulting in brazements having maximum strength. The 
various temperatures used were 1180 °C, 1220°0, 1260°C and 
1350°C (as recorded by optical pyrometer) and brazing times 
of 90 Sec., 300 Sec. and 600 Sec. were tried out at each of 
these above mentioned temperatures. The maximum strength was 
obtained at 1260°C using a brazing time of 600 Sec. The deta- 
ils of the strength data are presented later. 

1 11 . 2 . 5 C HARE0TEBIZAT I0H _0F THE BR AZED JOINTS 

The following tests were selected to provide useful 
data in the consideration of the applicability of the brazing 
filler foils : 

(a) Strength and Ductility 

(b) Metallurgical structures 

(c) Microhardness 



I II . 2 . 5 ( a ) STRENGTH A MD DUCTILITY 

The brazed test specimens were tensile tested on 
an Instron 1195 testing machine at a rate of 0,5 mm/Min. using 
a 1000 Eg, load cell. The load Vs elongation plots were reco- 
rded. The test were performed at room temperature. The tensile 
strengths were obtained by dividing the load by the origional 
cross-sectional area. The ductility or the percentage elong- 
ation was obtained by dividing the elongation by gauge length 
and multipling by 100, All the speciments failed in the braz- 
ed joint region. 

111.2.5(b) METALLURGI CAL S TR UCT URES. 

To study the metallurgical structures prevailing 
at and around the brazed joint, the brazed test specimens were 
sectioned along the length to serve as metallographic -specim- 
ens. Eor this a precision saw Microslice 2 (Metals Research 
Ltd., England) was used having a saw blade of 150 mm diameter 
with a diamond cutting edge. The sectioned peices were then 
mounted in bak elite and ground by using 2/0, 5/0 and 4/0 
emery papers: respectively and finally on a polishing wheel 
using 0,1 pm alumina powder. The ground and polished surfaces 
were then etched using a solution of ferric chloride and 
hydrochloric acid (5 gm. EeCl^, 50 ml. HC1, 100 ml. distilled 

water )v. This was done for the joints brazed with alloys I, 

( I ? w ANPtffc 



II and III at 1260 °C and 1350°C for 600 Sec. The micro struc- 
tures were then studied using reflected light microscope. 

111.2.5(c) MIOROHARDHESS 

The measurement of the hardness gradient requires 
the measurement of hardness over very small areas. Thus a leitz 
Miniload 928003 microhardness tester was used to measure 
hardness variation across the brazed joint. The bakelite 
mounted ground and polished specimens (used to study the 
metallurgical structures) were used for the microhardness 
measurements also. 

I H . 3 RESULTS A MD DISC USS I OHS 

I I I . 3 . 1 ST RENGTH AM DUCTIL ITY 

The variation of the strength and ductility of the 
metallic glass ribbons of alloys I, II and III (1.5 mm to 
2.0 mm wide and 40 pm to 50 pm thick) are presented in 
Table III. 2 . Measurements were done on an Instron 1195 testing 
machine using a 50 Kg. load cell at a cross head speed of 
0.5 rnm/Min. by mounting the ribbons on computer cards with the 
help of Quickfix. 

We find that as the iron content in the brazing 
filler foil increases, the strength of the foil also Incre- 
ases. The ductility on the other hand falls with the incre- 
ase in the iron content. 
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TABLE III. 2 

STRENGTH AND DUCTILITY 
METALLIC GLASS RIBBONS 


L10Y 

Tpercentage 

{ IRON 

1 

T 

-L ... , , , 

' , r 'ULT I MAT E"TENS ILE 
{ STRENGTH ' 

| (MPa) 

} PERCENTAGE ~ r ~ _ ' 

\ ELONGATION 

j 

i 

T _____ _ 

I 

1.5 

1198.0 

2.7 

II 

5.0 

1851.8 

1.6 

III 

10.0 

2316.5 

1.05 


.The strength, and the ductility of the brazed speci- 
mens using the foils of the alloys I, II and III (brazed at 
1260°C for 600 Sec.) are given in Figure III. 8 and Figure III. 9. 
The strength is found to increase with the increase of the 
iron content in the filler foil and ductility is found to be 
reduced as the iron content is raised. Thus there is a core— 
lation between the strength of the ribbons and the strength 
of the joints. However the micro structures of the brazed 
joints differ appreciably as discussed later and the above 
correlation may be fortuitous. The results of the joint stre- 
ngths for other brazing conditions are given in Table III. 3. 
These conditions yield poorer results. Similar tensile tests 
with specimens brazed with silver filler gave a mean strength 
of 357.2 MPa and 10.7 percentage elongation. The strength of 
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TABLE III 2 a 



STRENGTH AND 

DUCTILITY OF JOINTS BRAZED 

AT 



1260°c FOR 600 Sec. 



ALLOY 

* Pet. IRON 

X 

X 

X 

X 

* 

A 

ULTIMATE TENSILE 
STRENGTH 
(Mp a. ) 

'* V ' 

X 

X 

X 

X 

* 

t 

Pet. 

ELONGATION 

I 

1.5 


300 


6.7 

U 

tl 


242 


7.1 

tl 

tt 


282 


5.8 

It 

tt 


248 


7.8 

u 

tt 


267 


6.4 

ii 

5.0 


321 


5.6 

tt 

tt 


223 


6.2 

tt 

U 


285 


4.7 

it 

tt 


347 


4.1 

it 

tt 


318 


6.6 

III 

10.0 


382 


2.8 

tt 

tt 


300 


4.3 

tt 

ft 


348 


1.9 

tt 

It 


367 


3.4 

tt 

u 


324 


4.2 



Ultimate tensile strength (MNrri 


54 


450r- 
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l ' 

cCP 

400^- 




200 w - i .... .. I . l ..... ... J . . J 

0 2-5 5-0 7.5 10.0 12-5 

Percentage iron in the brazing foil 


Variation in the strength of brazed joints 
with iron content in the brazing foil 

(V2.<SO °C_ j GO Q secj 


Pig. III. 8 



Percentage elongation 
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Fig.III.9 


Variation in the ductility of brazed 
joints with iron content in the brazed 
joint (, 2,60*6 j 
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TABLE III .3 

STRENGTH AND DUCTILITY OP SPECIMENS 
BRAZED UNDER VARIOUS BRAZING CONDITIONS 


ALLOY j’P ERC ENT AGE f 
| IRON ; 

■'b~raztitg''temp 

( o n) 1 TIME ‘ULTIMATE! PERCENTAGE 

1 ; J (Sec. ) ’TENSILE ! ELONGATION 

! 4 STRENGTH! 

. _ ! 1. (MPa) l . __ 

I 

1.5 

1180 

90 

92.2 

6.7 

I 

1.5 

1180 

300 

106.0 

5.3 

I 

• 1.5 

1180 

600 

103.5 

5.6 

I 

1.5 

1220 

90 

65.4 

7.6 

I 

1.5 

1220 

300 

87.9 

7.2 

I 

1.5 

1220 

600 

79.7 

8.3 

I 

1.5 

1260 

90 

195.2 

8.5 

I 

1.5 

1260 

300 

208.4 

7. 6 

I 

1.5 

1350 

90 

166.9 

4.3 

I 

1.5 

1350 

300 

172.2 

4.8 

I 

1.5 

1350 

600 

187.8 

3.5 

II 

5.0 

1180 - 

90 

120.0 

6.6 

II 

5.0 

1180 

300 

154.6 

7.2 

II 

5.0 

1180 

600 

138.4 

5.9 

II 

5.0 

1220 

90 

145.7 

6.9 

II 

5.0 

1220 

300 

137.6 

5.7 

II 

5.0 

1220 

600 

135.3 

6.3 
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Table III. 5 (Cont.) 


ALLOY! 

f 

i 

r 

i 

! 

! 

I 

PERC BUT AGE ' KRAZlfG^'T ET© T 

IE0H ! (°0) i 

f ! 

! ! 

1 t 

BRJLZlNGf 
TIME J 
(Sec.) \ 

f 

t 

1 

t 

~ITlRAGE r^EPixGE 
ULTIMATE {PMCENTAGE 
TENSILE } EL0NGATI ON 
STRENGTH \ 

(MPa) \ 

II 

5.0 

1260 

90 

227.4 

4.8 

II 

5.0 

1260 

300 

223.6 

7.5 

II 

5.0 

1350 

90 

197.0 

3.8 

II 

5.0 

1350 

300 

189.2 

4.7 

II 

5.0 

1350 

600 

182.4 

5.2 

III 

10.0 

1280 

90 

123.9 

2.7 

III 

10.0 

1180 

300 

109.8 

3.9 

III 

10.0 

1180 

600 

142.9 

3.2 

III 

10.0 

1220 

90 

154.7 

4.3 

III 

10.0 

1220 

300 

176.6 

3.9 

' III 

10.0 

1220 

600 

179.2 

3.8 

III 

o 

♦ 

o 

H 

1260 

90 

234.1 

4.6 

III 

10.0 

1260 

300 

267.3 

4.2 

III 

10.0 

1350 

90 

229.7 

1.7 

III 

10.0 

1350 

300 

245.0 

2.9 

III 

10.0 

1350 

600 

219.4 

1.9 
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the stainless steel test specimens (Figure 111 . 1 (b)) was found 
to be 750 MPa and the ductility was found to be 28 pet., which 
are both much higher than those obtained from the brazed spe- 
cimens. The values of the strength of the joints brazed ' with 
metallic glass foils and silver filler are thus found to be 
comparable. The ductility of the silver brazed joints are 
found to be somewhat higher than the values obtained by using 
the amorphous foils as brazing fillers. The strength of the 
joints brazed with alloys I, II and III are also found to be 
comparable to the strength values of the joints brazed with 
nickel based amorphous foils reported in literature^^ ( given 
in Table III. 4 ). 

Ill . 5. 2 META LLUR GICA L STRUCTURES 

The details of the various structures observed in 
the case of the brazed sections using different alloys at 
1260°C and 1350°C using 600 Sec. brazing times were studied. 
The thickness of the various structural zones as well as the 
total brazed region is least hear the centre of the specimen 
and increases as one goes towards the specimen surface. This 
is shown in a back scattered electron picture of a joint made 
with alloy III at 1260°C, brazed for 600 Sec. (Figure III. 10). 

MIC RO STR U CTURA L ANALYSIS 
ALLOT I (1.5 pot. Iron) 

BRA ZI EG _T E3^_ER ATUR; j - 1260^0 

Figuro III. 11 shows the section through the joint 
along the length of the specimen brazed with brazing foil of 
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Fig. III. 10 BSE photograph of a brazed joint, sectioned 

along the length (3£X) 
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&Hoy I at 1260°C for 600 Sec. Four different regions are 
observable in the brazed section. The central region (I) 
consists of equiaxed or dendritic structure. Then it is 
followed by regiaill) which consists of a mi xture of fine- 
bright and grey phases. Then the next region (III) compri- 
ses of thick dark grain boundaries and the last region 
consists of dark and bright needle like structure (IV) in the 
base metal. The region II solidifies faster due to conduction 
of heat through the sample } giving rise to a fine grained 
structure while the region I cools s .lowly resulting in 
larger equiaxed grains or dendritic structures. The extent 
of these various regions at the centre of the brazed sections 
and near the surface of the specimen are different and can 
be seen in Table III. 5. 

TABLE III. 5 • 

VARIOUS REGION... LENGTHS IN THE BRAZED SECTION 

POSIT rol~Of'’THE“r REGIJON 'IT *T - IOI-£L"MAZSD'“RiGI0N 

V El WING SECTION j III j ' II ~'T~ T~~ 1 ( mm ) 

5 (mm) ’ (mm) ) (mm) \ 


Near Surface 
(End I) 

0.035 

0.015 

0.02 

.0.115 

0.035 

0.01 



Centre 

0.025 

0.01 

0.015 

0.09 


0.03 

0.01 



Near Surface 
(End II) 

0.03 

0.01 

0.03 

0.11 

0.03 

0.01 





BJI j . , _ , 
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ALLOY. I I (5.0 pet . Iron) 

BRAZING TEIIP3RATURE - 1 260° C 

The regions I, II and III as observed in brazed 
sections with alloy I (1260°C, 600 Sec.) are also observed in 
sections brazed with alloy II (1260°C, 600 Sec.), but region 
IY is not observed as can be seen in Figure III. 12. Table III. 6 
gives the details of the various zone lengths. 

TABLE III. 6 

VARIOUS REGION LENGTHS IN THE BRAZED SECTION 


P(TS itlM"W“*tHI - r 


■ r "TOTAL 'brazed region 


VEILING SECTION } 


“ITT 

' I 

1 

t 

( mm ) 

J 

1 

(mm) 1 

(mm)j 

(mm) 

! 

t 


Near Surface 
(End I) 

0.09 

0.03 

0.045 


0.265 

0.09 

0.01 




Centre 

0.035 

0.02 



0.085 


0.03 





Near Surface 
(End II) 

0.045 

0.04 

0.03 


0.205 

0.06 

0.03 
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ALLOY Ill (10.0 jact . Iron) 

BRAZI NG TBiff ER ATURB _1260^C 

All the fotir different regions observed in the 
case of alloy I (1260°C, 600 Sec.) were there in sections 
brazed with alloy III (1260°C, 600 Sec.) as shown in Figu- 
re III. 13,. The details of -the different resion lengths are 
given in Table III. 7. 


TABLE III .7 ' 

VARIOUS REGION LENGTHS IN THE BRAZED SECTION 


POSITION OE “THE I " REGION TT’tJT'A'L ^BRAZ^D~“REGY'(5i! 

VEIWING SECTION » Til T ! ( mm ) 

j (mm) { (mm)! (mm) 5 


New Surface 

0.08 

0.03 



(End I) 

0.055 

0.04 

0.11 

0.315 

Centre 

0.06 

0.03 

0.03 

0.22 


0.065 

0.035 



New Surface 
(End II) 

0.04 

0.03 

0.04 

0.175 

0.045 

0.02 
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Fig. III. 13 
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Micrograph of the brazed joint (1260 C, 
600 sfc.ly sectioned along the longth. 

using brazing foil of alloy HI (3 oy ) 
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Pig. III. 14 


Micrograph of the brazed joint (35 
600 Sec.), sectioned along the lengt , 
using brazing foil of alloy I (3o cy) 




66 


AL LO Y I (1 .5. . pet. Iron) 

BRAZING TEMPERATURE 1350°0 

The central region I is absent in this case which 
was previously observed for sections brazed with alloys I, II, 
III (1260°C, 600 Sec.). The brazed section using alloy I 
(1350°C, 600 Sec.) instead shows recrystallized grains of 
stainless steel. The braze metal seems to have mostly diff- 
used into the base metal and only a thin central molten zone 
remains producing a thin dark molten zone in the centre of 
the brazed region as shown in Figure III. 14. The widths of 
these regions are given in Table III. 8 

TABLE 111.2 

VARIOUS REGION LENGTHS IN THE BRAZED SECTION 


ws'Tt iM'tsfths] h'E(Jr?sta£lI21d tsksst. R mmtrvwxirmxzm 

VEIWING SECTION! GRAIN REGION t REGION 

\ ( mm ) { { mm . ) ! (mm) 


Near Surface 
(End I) 

0.05 

0.005 

0.10 

0.045 



Centre 

0.06 

0.01 

0.125 


0.055 



Near Surface 
(End II) 

0.065 

0.005 

0.155 

0.065 
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BRAZING- lEI-ffSRA TURE - 13 50°G 

The dark region at the centre and the ^crystall- 
ized grains are both observable in the sections brazed with 
alloy II (1350°C, 600 Sec,) as shown in Figure III. 15. The 
details of these zone lengths are given in Table III. 9. 


TABLE III,.£ 

VARIOUS REGION LENGTHS IN THE BRAZED SECTION 

FOOTroff"(jF“OT™r 'swmTiffirm~r'D7[M'“RiGrofT wt iF"Morar 


VBIWING SECTION 

1 

T 

GRAIN REGION 

i 

i 

\ 


t 

! 

REGION 


! 

T 

L 

( mm ) 

i 

1 

( mm ) 

1 

1 

« ^ -X - 

(mm) 

Near Surface 


0.04 





(End I) 


0.03 


0.12 


0.19 

Centre 


0.095 


0.015 


0.13 



0.02 





Near Surface 


0.055 




0.295 

(End II) 


0.05 


0.19 





Pig. 111,15 Micrograph of the brazed joint (1550 ££, 

600 Sec.}, sectioned along the length, 
using brazing foil of alloy II (6ocx) 



Fig. III. 16 


Micrograph of the brazed joint (1550 0, 
600 Sec.), sectioned along the length, 
using brazing foil of alloy XII (£>oOY j 
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ASiliQX m -(10. 0 pet. I r on) 

^1350^C 

Recrystallized grains and central dark regions as 
observed in brazed sections using alloys I and II (1350°C, 

600 Sec. ) are also observed in section brazed using alloy III 
(1350 0, 600 Sec.) as shown in figure III. 16. The lengths of 
these regions are given in Table III. 10 

• TABLE II I. 10 

VARIOUS REGION LENGTHS IN THE BRAZED SECTION 


POSITION "OF “THE 
VEIWING SECTION 

n recrystaHhzed 

i GRAIN REGION 
( mm ) 

T DARX'REGI ONTT (5TAL BRAZED' 

\ 1 REGION 

| ( mm ) { (mm) 

1 .. 1 

Near Surface 
(End I) 

0.055 

0.08 

0.135 

0.27 

Centre 

- 

0.005 

0.005 

Near Surface 
(End II) 

0.06 

0.06 

0.25 

0.37 


The total brazed region is found to be maximum under both 1260°C 

and 1350°C brazing temperatures (600 Sec.), when the iron- 

content in the brazing foil is maximum. This may be due to the 

increased agression in the base metal with the increase in iron 

_ ^ [48] 

content. This corresponds to the result reported in literature 
of maximum agression in iron containing nickel based filler 
used brazements as compared to the other nickel based filler 
brazed sections. 
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111.3.3 jg CROHAEDl TSgg 

The microhardness profiles of the joints brazed 
with alloys I, II and III at 1260°C (600 Sec.) are given in 
Figure III . 17 to Figure III. 19. The maximum value of hardness 
is observed in the central region (I). Then it goes through 
a minima and then again rises followed by a dip and a furthur 
rise to value of the base metal. 

The microhardness profiles of the joints brazed 
with the same alloys at 1350°C (600 Sec.) are shown in 
Figure III . 20 to Figure III. 22 . The hardness values are low 
in the central dark region, rises to a sharp maxima in the 
recrystallized region and then after going through a minima 
(not for Alloy III) rises to the value of the base metal. 

The microhardness profile has been found to more 
or less follow the boron concentration profile in the brazed 
sections using metallic glass foils^^ by earlier workers. 

The difference in composition and the phases in the various 
regions result in a variation in the hardness values. However 
as the X~Ray chemical analysis facility was not available with 
the scanning electron microscope, such a correlation could 
not bo made in our case. 
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'fp 

•SO'lg- 

' 

r 

i‘% 

•G&jf- 


850^ 

i. •'* , 


i i % tan 

•razing temperature » 12I0*C 





Distance from the centre at the joint (mm } 


J'ig. 111*17 Microhardncss profile across the "brazed 

section (Alloy I, 1260°C, 600 Sec.) 



M icro hardness (HV ) 
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1000 r~ 

4 

• 

5 

5 

l 5-0 •/• Fc foil 

950 |— Brazing temperature « 1260 °C 

is 

■ ' t i. 

i'l 



200L , • , _ .L „ , _ . J 

o 04 0*0 1.2 

Distance from the centre of the joint (mm ) 

Pig* III. 18 Microliar dness profile across the brazed 

section (Alloy II> 1260°0» 600 Sec.) 



Microhardness( HV > 


10.0*/. Fc foil 

Brazing temperature * 1260°C 



Distance from the centre of the joint (mm ) 


I 

16 


Fig. III. 19 Microhardness profile across the brazed 

section (Alloy III, 1260°C, 600 Sec*) 
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300r- 



Distance from the centre of the joint (mm) 


Fig. III. 20 Microhardncss profile across the brazed 

section (Alloy I, 1350°C, 600 Sec.) 



Misrohardness ( HV ) 
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3701 - 



Distance from the centre of the joint (mm ) 


Microhardness. profile across the brazed 
section (Alloy II, 1350°C, 600 Sec.) 


Pig. III. 21 



Microhardness (HV ) 
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520 1 0.0 */* F« foil 

» j i Brazing temperature * 1350®C 



Pig . III. 22 



CHAPTER 17 


SUMMARY 


Techniques were developed to fabricate ribbons of 
widths upto 12.5 mm by singleroller chill block melt spinning. 
Continuous and 100 pet. dense aluminium ribbon were obtained 
by this method but when tried with nickel based alloys, wide 
ribbons with fine holes were obtained and fully dense ribbon 
casting trials were not successful because of experimental 
limitation with the set-up. 

X-Ray diffraction pattern revealed the amorphous 
nature of the nickel based foils and also the vein structure 
in the fracture surface characterstic of the amorphous phase 
was obtained. 

Two halves of the tensile test specimens of 504 

stainless steel was brazed using these foils by resistive 

—5 

heating in a vacuum of 2 x 10 torr. The joints had maximum 
UTS for brazing foils with maximum . iron content (average 
value 548.7 MPa), but the ductility was found to be maximum 
•for the joints brazed with foils containing least iron (aver- 
age value 6.8 pet. elongation). The strength value is comparably 
with the values reported in literature for joints brazed with j 

j 

nickel based metallic glass foils. 


7g 


The metallurgical structures of the joint sections 
brazed at different temperatures (1260°C and 1350°C) for the 
same time (600 Sec.) are found to be vastly different. The 
width of the brazed zone increases with the increasing iron 
content in the brazing foil. 

The microhardness values also undergo large vari- 
ations as we go from the joint to the base metal matrix, pos- 
sibly because of the composition variations. 
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APPENDIX 
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SHYER, COPPER, PALLADIUM AMD GOLD 
BASED BRAZING FILLER METALS USED 
FOR STAINLESS STEEL BRAZING 


AS#"" - ASTMT'nrariNG ' T EMPERA'TUReT 
DESIGNATION * 


£ 


& 

t 

i 

L 


SOLIDUS } LIQUIDUS1 


! 

JL. 


TEMPERA- 

TURE 

(° 0 ) 


SITION wt.pct. 


SILVE R ALLOY S 


BAg-1 

606. 6 

617.7 

617.7 - 
759.2 

45 A g, 15 Cu, 
16 Zn, 24 Cd 

BAg- la 

626.0 

634.5 

684.3 - 
759.2 

45"Ag, 15.5 Cu 
16.5 Zn, 24 Cd 

BAg- 2 

606. 6 

700.9 

700.9 - 
824.5 

35 Ag, 26 Cu, 
21 Zn, 18 Cd 

BAg- 3 

631.5 

687.1 

687.1 - 
814.7 

50-Ag, 15.5 Cu 
15.5 Zn, 16 Cd 
3 Ni 

BAg-4 

670.4 

778.6 

778.6 - 
870.2 

40 Ag, 30 Cu, 
28 Zn, 2 Ni 

BAg- 5 

675.9 

742.6 

742.6 - 
824.5 

45 Ag, 30 Cu, 
25 Zn 

BAg— 6 

687.0 

773.1 

773.1 - 

870.2 

50 Ag, 34 Cu, 
16 Zn 

BAg~7 

617.7 

651.0 

651.0 - 
759.2 

56 Ag, 22 Cu, 
17 Zn, 5 Sn 

BAg-8 

778.6 

778.6 

778.6 - 
897.9 

72 Ag, 28 Cu, 

BAg-8a 

764.7 

764.7 

764.7 - 
870.2 

72 Ag, 28 Cu, 
0.2 Ni 

BAg-1 3 

717.6 

856,3 

856.3 - 

967.3 

54 Ag, 40 Cu,. 
5 Zn, 1 Ni 

BAg- 18 

601.0 

717.6 

717.6 - 

60 Ag, 40 Cu 


824.5 


9 


9 

9 
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App endix ( Cont . ) 


AS ¥ ASTM 

DESIGNATION 

"T MELTIHG^TEIffiERATURE 

j (°0) 

! SOLIDUS f LIQUIDUS 

1 ! 

I f 

r"Mmir<rHTra 

| TEMPERA- JSITION wt.pct. 
{ TURE ! 

j (°o j 

BAg-19 

778.6 

778.6 

778.6 - 
1003.4 

92 Ag, 8 Cu 

COPPER PHOSPHOROUS ALLOTS 




BCuP-1 

709.3 

897.9 

786.9 - 
925.7 

95 Cu, 5 P 

BCuP-2 

709.3 

792.5 

731.5 - 

824.5 

93 Cu, 7 P 

BCuP-3 

624.69 

806.4 

703.7 - 

814.7 

89 Cu, 5 Ag, 

6 P 

BCuP-4 

624.69 

723.1 

703.7 - 
786.9 

87 Cu, 6 Ag, 

7 P 

BCuP-5 

624.69 

800.8 

703.7 - 

814.7 

80 Cu, 15 Ag, 
5 P 


COPPER AMD COPPE R-ZUIC A LLOYS 


BCu-1 

1081.1 

1081.1 

1092.2 - 
1147.7 

99.9 Cu (min.) 

BCu-la 

1081.1 

1081.1 

1092.2 - 
1147.7. 

99.0 Cu (min. ) 

BCu-2 

1081.1 

1081.1 

1092’. 2 - 
1147.7 

86.5 Cu (min. ) 

RBCuZn-A 

• 886.9 

897.9 

909.1 - 
953.5 

57 Cu, 42 Zn, 

1 Sn 

RBCuZn-B 

920.2 

934.0 

936.8 - 
981.2 

47 Cu, 11 Hi, 
42 Zn 


( Reference 14 ) 
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BS T8?^'GRAI)F“ 'f~ TSMW 1P10F^^ 

i (°o) | wt * pet* 

_ j so£f dW T~ "Tf quTnis j 

PA1 IADIMM BEARING- ALL OYS 


PD— 1 

805 

810 

5 Pd, 68 Ag, 27 Cu 

PD- 6 

900 

950 

25 Pd, 54 Ag, 21 Cu 

PD- 7 

970 

1010 

5 Pd, 95 Ag 

PD— 10 

1180 

2000 

33 Pd, 64 Ag, 5 Mn 

PD— 11 

1120 

1120 

21 Pd, 51 Mn, 48 Mi 

PD-14 

1255 

1235 

60 Pd, 40 Mi 

GOLDBiSED^ A1LQ YS_ 




AU-1 

905 

910 

80 Au,19 Cu, 1 Fe 

C\J 

$ 

930 

940 

65 Au, 57 Cu 

AU-3 

980 

1000 

58 Au,62 Cu 

AU-5 

950 

950 

82 Au,18 Mi 


( Reference 49 ) 


